The aim was to evaluate the kinetic parameters, total color differences (DE*) and browning index differences (DBI) of air flow pineapple drying. The experiments were performed on air temperatures at 60 and 70°C, and air velocities at 1.5 and 2.0 m/s. The kinetic parameter (k) increased when air temperature was increased for all air velocity. The effective diffusivity coefficient (D eff ) increased as high as the temperature of the heating medium. The variation of D eff of swirling flow was ranging from 6.72 9 10 -9 to 10.23 9 10 -9 m 2 /s, while the variation of D eff of non-swirling flow was ranging from 6.40 9 10 -9 to 9.42 9 10 -9 m 2 /s. The drying time of swirling flow was shorter than non-swirling flow in each drying condition. Moreover, the DE* and DBI of pineapple in swirling flow were lower than that obtained from nonswirling flow. Therefore, the convective drying using swirling flow can be minimized for drying time and color deterioration.
Introduction
Pineapple (Ananas comosus) is a tropical fruit and is produced in several countries such as Thailand, Brazil, India, Philippines and China. Pineapple contains important nutrients such as carbohydrates, sugars, Vitamin A and C and beta carotene, protein, fat, ash, fiber and antioxidants introducing to flavonoids, citric and ascorbic acid. Moreover, pineapple has attractive sensorial such as texture, flavor, taste and color [28] . In 2012, Thailand produced 2,650,000 metric tons of pineapples and is the first largest producer of pineapple in the world [13] . However, pineapple is perishable fruit. So, an alternative method to preserve the quality and extend shelf life of pineapple is drying.
Convective drying, especially tray drying, has been widely used as a method for preserving the agricultural product because it is simple to operate and inexpensive. In many researches, the pineapples were dried by convective drying at various conditions. The air temperature was used in a wide range of 40-80°C while the air velocity was performed at 0.5 to 3.8 m/s [1, 10, 28] . Nevertheless, the convective drying has the negative impact on the product qualities such as color, taste, flavor, texture and nutrient content because of high air temperature exposure and long drying time [20] .
In order to improve quality dried product, the combination of a new technologies with convective drying is possible to preserve product quality e.g. hot air drying with microwave, radio-frequency, infrared radiation and power ultrasound enhancement [19] . One important characteristic of the convective drying that can affect the product quality is the flow type which is normally two kinds: swirling flow and non-swirling flow. The non-swirling flow was normally used in the convective drying. The swirling flow was ordinary found in spray and fluidized bed dryer which sample was impelled together with the air flow. So, heat and mass transfer of the swirling flow type dryer were high.
In tray dryer, swirling flow type is less well-known when compared to the non-swirling flow type, although some researchers have studied the effect of swirling flow on drying of potato, pumpkin, and apple [2, 3] . Compared to non-swirling air flow, the swirling air flow can be used for heat and mass transfer enhancement in drying process [16] . Ç akmak and Yildiz [6] studied on grape seed drying in a new designed solar dryer with swirling flow. The drying processes were performed at three different air velocities (0.5, 1 and 1.5 m/s) with swirling flow and nonswirling flow. The results showed that the drying time decreased by increasing the air velocity. Moreover, the swirling flow provided the shorter drying time than the other that without swirling flow at the same air velocity. Ö zbey and Söylemez [23] investigated the effect of swirling flow on fluidized bed drying of wheat grains. They reported that the swirling flow enhanced the drying capability of granular wheat material in fluidized bed dryer up to 38% increase when compared to non-swirling flow. The aim of this experiment was to evaluate the effects of air flow on pineapple drying behavior which was compared between swirling flow type and non-swirling flow type in terms of kinetics including total color differences (DE*) and browning index differences (DBI).
Materials and methods

Sample preparation
Pineapples were purchased in a local market (Nakhon Pathom, Thailand). For the sample selection, the pineapples were measured the total soluble solid (TSS) content and firmness. The initial TSS and firmness (expressed as N) were determined by refractometer (Optika HR-130, Italy) and penetrometer (FT 327, Italy) with a 8 mm tip, respectively. The initial TSS and firmness of each sample could be 13.46 ± 0.84°Brix and 26.87 ± 5.15 N, respectively. The pineapples were washed, peeled and cut into a slab shape with sized in 1 9 2 9 1 cm (width 9 lengths 9 thickness). The initial moisture content was 711.63 ± 5.60% (dry basis) according to AOAC method [4] .
Experimental setup
The experimental setup of swirling flow and non-swirling flow type dryer, as presented in Fig. 1 , consisted of a fan, heater, temperature controller and drying chamber. However, the shape of the drying chamber for the hot air dryer was entirely different. The drying chamber of swirling flow type dryer was a cyclonic shape and the other one was a rectangular shape as shown in Fig. 1(A) and (B) , respectively. The cyclonic drying chamber was constructed by stainless steel in size 0.5 cm thickness. The stainless steel was a concentric cylinder formed with two layers. The outer layer is sized in a 50 cm diameter and 30 cm height and the inner layer is sized in 40 cm diameter and 50 cm height cylinder. The space of these two layers was sealed by stainless steel sheet. The drying chamber of non-swirling flow type dryer was rectangular shape and manufactured by stainless steel with sized in 30 9 30 9 50 cm (width 9 length 9 height). This sieve of tray was manufactured with stainless steel in square shape that is sized in 25 9 25 cm.
The drying air was forced through the drying chamber and sample tray. The air velocity was adjusted manually. The air velocity could be adjusted between 0 and 3 m/s. The heating system consisted of a 1000 W of electric wire heater placed at a channel of air inlet and connected with temperature controller as illustrated in Fig. 1 . The air temperature was adjusted in the range of 40-90°C.
Drying procedures
The air temperature and air velocity were set to a desired value at 60 and 70°C, and 1.5 and 2.0 m/s, respectively. These drying conditions were mostly selected and suitable for air-dried pineapple production [1, 10, 28] . Samples were placed on the tray and then put into the drying chamber after the temperature of drying chamber reached steady state. The samples were dried until moisture content was approximately 15.00% (dry basis). The sample weight, ambient temperature, inlet and outlet relative humidity, inlet and outlet air temperatures were recorded every 1 min by the data logger (Lufft Opus 200). The sample weight was measured by load cell. The inlet and outlet air temperature and relative humidity were measured by temperature and humidity sensor. The ambient temperature was measured by PT100 sensor (Polyscience, USA) while the air velocity passing through the tray was measured by a vane type anemometer (Lutron AM-4201).
Data analysis of drying parameters
The initial moisture content, moisture content at any time and equilibrium moisture content of the sample were estimated from the weight as shown in following equation.
where X i is the initial moisture content (kg water Á kg dry matter -1 ), w i is the initial weight of the samples (kg), w d is the dry weight of the samples (kg), X t is the moisture content at any time (kg water Á kg dry matter -1 ), w t is the weight of the samples at any time (kg), X eq is the equilibrium moisture content (kg water Á kg dry matter -1 ) and w eq is the weight of the samples at equilibrium (kg) in each condition. For equilibrium moisture content assessment, the samples in all conditions were dried for 24 h to achieve the constant weight.
In this work, the moisture content of the samples was converted to moisture ratio (MR) by using Eq. (4).
The drying curves were plotted between MR (from the experiment) and drying time. The drying models in Table 1 were considered to clarify the drying curves in our experiment. The non-linear regression analysis was carried out in Microsoft Excel 2010 to evaluate the model constants.
The statistical parameters were used to fit the quality of the model. They were the coefficient of determination (R 2 ), the reduced Chi-square (v 2 ) and the root mean square error (RMSE) which can be calculated as the Eqs. (5), (6) and (7), respectively:
where MR exp is the experimental moisture ratio (-), MR pre is the predicted moisture ratio (-), n is the number of where a, c, k and n are the model constants and t is the drying time (s) Study on kinetics of flow characteristics in hot air drying of pineapple 1049 observations and z is the number of constants in the drying model. The drying rate (DR) of pineapple is defined by the changes in moisture content per each unit of time, which can be calculated by using Eq. (8) .
where DR is the drying rate (kg water Á kg dry matter -1 s -1 ), X t?Dt is the moisture content at t ? Dt (kg water Á kg dry matter -1 ), X t is the moisture content at t (kg water Á kg dry matter -1 ) and Dt is the time increment (s). The effective moisture diffusivity (D eff ) was predicted by a diffusion model in Eq. (9) [11, 25] . The diffusion model based on the Fick's second law of diffusion and used to describe the moisture transport from the sample and drying capability of the dryers. Assumptions of diffusion model are uniform initial moisture content, non-shrinking slab and constant D eff throughout the sample.
where X, Y and Z are the half thickness of the samples (m) in the width, length and thickness, respectively, D eff is the effective moisture diffusivity (m 2 /s) and n, m and k are the indexes of summations.
The drying time is anticipated to be large enough so that all other terms of the series may be regarded as in significant compared to the first. Therefore, Eq. (9) turned into:
where
In the falling rate period, the slope of drying model relates to constant D eff [12] . The D eff in this study, thus, was calculated from the slope (m) of ln(MR) versus drying time [30] 
Color assessment
The initial and final color of the samples in drying process were measured by Hunter Lab (Miniscan XE plus). Twenty samples were measured and resulted as the mean of its. Color of the samples were reported in L* (lightness), a* (red/green) and b* (yellow/blue). In addition, total color differences (DE*) and browning index differences (DBI) were calculated by using Eqs. (14) and (15), respectively [26] .
BI = 100 0:17
where L 0 * is the initial L* value of the samples, a 0 * is the initial a* value of the samples, b 0 is the initial b* value of the samples and BI 0 is the initial BI value of the samples.
Statistical analysis
All experiments were performed in duplicate. The experimental data was statistically analyzed by SPSS v.18. The mean differences of D eff , DE* and DBI were analyzed by one-way analysis of variance (one-way ANOVA). The Duncan's multiple range test was used to multiple comparisons of significant treatment effect. A significance level of 0.05 (p \ 0.05) was used to determination of significance.
Results and discussion
The drying curves were fitted by different drying models. The best model was selected from the highest R 2 values, the lowest RMSE and v 2 values. The fitting statistics of various drying models were shown in Table 2 describe the drying curves of pineapples drying in all drying conditions. Drying curves of pineapples with different air velocity conditions are presented in Fig. 2(A) and (B) . The results indicated that the drying time decreased when air temperature and air velocity were increased. Consequently, the driving force for heat transfer and mass transfer between the air and the pineapple was enhanced by the higher air temperature and air velocity [18, 35] . Similarly, previous literatures have been reported in various food products [5, 27] . Moreover, the drying time from swirling flow type dryer was much shorter than the drying time from nonswirling flow type dryer which was about 4-8% when compared with the same condition because the swirling air flow was forced through the sample tray which induced the small eddies on the samples surface. The shear stress of the small eddies disturbed the vapor density. The vapor density was reduced and, as a result, the mass transfer was enhanced [17, 31] . In addition, the air around the pineapples surface was always replaced by heated fresh air resulting from the swirling of the air [31] . Therefore, the surface temperature of the samples was increased and causing the increase of water evaporation in the samples [33] . The non-swirling flow type dryer at 60°C and 1.5 m/ s provided the highest drying time of 532 min while the shortest drying time of 338 min was obtained from the swirling flow type dryer at 70°C and 2.0 m/s. These results complied with Ç akmak and Yildiz [6] who reported the swirling flow in solar dryer led to the increase of the drying rate and the decrease of the drying time.
In the study, the drying rate was evaluated by using Eq. (8) and was shown in Fig. 2 (C) and (D) at different air velocity conditions. The results indicated that the drying rate linearly decreased with decrease of MR. In all drying experiments, constant rate period was not found. Only falling rate period was observed for drying of pineapple which complied to previously reported [2, 28] . Furthermore, the drying rate increased along with air temperature and air velocity. The highest drying rate was obtained from the swirling flow type dryer at 70°C and 2.0 m/s. On the other hand, the non-swirling flow type dryer at 60°C and 1.5 m/s provided the lowest drying rate. In addition, the results of m and D eff , were fitted by using Eq. (11) as illustrated in Table 3 . As the results of drying rate, m and D eff increased when air temperature was increased in any air velocity values. The variation of D eff from swirling flow type dryer was in the range of (6.72-10.23) 9 10 -9 m 2 /s, while the variation of D eff from non-swirling flow type dryer was in the range of (6.40-9.42) 9 10 -9 m 2 /s. The EI from swirling flow type dryer at various conditions was illustrated in Table 3 . The results presented that the efficiency of hot air drying was improved by using the swirling flow type dryer due to the boundary air layer of the samples surface was disturbed by circulation of the air around the sample surface. Because of this reason, the convective heat transfer coefficient and evaporation rate were enhanced which resulted on the efficiency of hot air drying process [7] . Similarly, the efficiencies of swirling flow and non-swirling flow type dryer were enhanced by increase of air temperature and air velocity. The EI from swirling flow type dryer at 60°C and 1.5 m/s and 60°C and 2.0 m/s were 1.05 and 1.03, respectively, whereas the EI at 70°C and 1.5 m/s and 70°C and 2.0 m/s were 1.05 and 1.09, respectively.
In this work, the color changes of pineapple at various conditions were estimated by DE* and DBI which were represented in Fig. 3 . The color changes in the samples were resulted by Maillard reaction (non-enzymatic browning reaction) and pigment destruction. However, the enzymatic browning reaction was inattentive in the study because it was normally susceptible to high temperature at more than 50°C [22] . When considering the DE* in Fig. 3(A) , the highest DE* value was obtained by the non-swirling flow type dryer at 60°C and 2.0 m/s while the lowest DE* value was achieved from the swirling flow type dryer at 70°C and 2.0 m/s. The DE* values from swirling flow and non-swirling flow type dryer were only significantly different in the drying condition at 60°C and 2.0 m/s, whereas the DE* values from swirling flow type dryer in the other conditions were not significantly different. Nevertheless, the color changes of the samples in the swirling flow type dryer was low, forasmuch its drying time was shorter than in nonswirling flow type dryer. Correspondingly, Rattanathanalerk et al. [29] reported that the DE* values of pineapple juice was significantly increased by enhancement the heating temperatures and processing times of thermal process. Moreover, the increased temperature enhanced the color changes because of carotenoid isomerization [8, 32] and non-enzymatic browning reaction [9] . For the DBI of pineapple at various conditions, they were expressed in Fig. 3(B) . The DBI of pineapple drying from swirling flow type dryer were lower than in nonswirling flow type dryer when compared at the same condition. However, the DBI from swirling flow and nonswirling flow type dryer were not significantly difference in the drying condition at 70°C and 2.0 m/s. The highest DBI was obtained from the non-swirling flow type dryer at 60°C and 2.0 m/s, while the lowest DBI was obtained from the swirling flow type dryer at 70°C and 2.0 m/s. The increased DBI caused the brown color in the samples that was produced by Maillard reaction, pigment destruction and sample shrinkage during the drying process [15] . From the Fig. 3(B) , it illustrated that the DBI of swirling flow in mostly conditions was lower than in non-swirling flow. It displayed that the brown color occurred in swirling flow was less than in non-swirling flow. Thus, the color of the drying products produced by swirling flow system was capable to be conserved.
